Endotoxemia is frequently associated clinically with disseminated intravascular coagulation (DIC); however, the mechanism of endotoxin action in vivo is unclear. Modulation of tissue factor (TF) and thrombomodulin (TM) expression on the endothelial surface may be relevant pathophysiologic mechanisms. Stimulation of human umbilical vein endothelial cells with endotoxin (1 ,ug/ml) increased surface TF activity from 1.52±0.84 to 11.89±8.12 mU/ml-106 cells at 6 h (n = 11) which returned to baseline by 24 h. Repeated stimulation at 24 h resulted in renewed TF expression. Endotoxin (1 ,tg/ml) also caused a decrease in TM expression to 55.0±6.4% of control levels at 24 h (n = 10) that remained depressed at 48 h. Both effects were dose and serum dependent. A temporary rise in TF expression accompanied by a sustained fall in TM expression comprise a shift in the hemostatic properties of the endothelium that would favor intravascular coagulation and may contribute to the pathogenesis of DIC in gram-negative septicemia.
Introduction
The endothelial cell surface forms an effective thromboresistant surface between the intravascular and extravascular spaces. This thromboresistance is mediated by several mechanisms including the synthesis and secretion of prostacyclin (1), both urokinasetype and tissue-type plasminogen activators (2) , and protein S (3). In addition, endothelial cells have heparinlike molecules on their luminal surface that can accelerate antithrombin III-mediated thrombin inactivation (4) . Endothelial cells also express a surface glycoprotein called thrombomodulin (5) which, when bound to thrombin, is a potent activator of circulating protein C (5) . Activated protein C in turn functions as an anticoagulant by proteolytically degrading Factor Va (6, 7) and Factor VIIIa (8) and in dogs as a profibrinolytic agent by indirect and as of yet unclear mechanisms (9) .
Endothelial cells possess procoagulant properties as well. They synthesize von Willebrand factor (10), which plays a major role in platelet adhesion (11) ; they synthesize a plasminogen activator inhibitor (12) and have been shown to have the ability endotoxemia. The pathophysiology of DIC in gram-negative sepsis is complex and the mechanism(s) by which endotoxemia promotes intravascular coagulation in vivo is unclear. Recently, reports by several investigators provide evidence that the thromboresistance of the endothelial cell is diminished after exposure to endotoxin in the absence of other cell types. Endothelial cells have been shown to generate tissue factor activity (15) (16) (17) (18) and release a plasminogen activator inhibitor (19) when stimulated with endotoxin in vitro.
In this paper we present data showing that the stimulation of tissue factor activity by endotoxin that has been previously reported is accompanied by a profound and sustained decline of thrombomodulin activity on the endothelial cell surface. Preparation ofpurified proteins. Human protein C, protein S, Factor VII and Factor X were partially purified from citrated human plasma by quaternary aminoethyl (QAE) adsorption and elution as described (21) . The eluate containing the vitamin K-dependent factors was then sequentially batch adsorbed with a monoclonal anti-human protein S affinity resin followed by a monoclonal anti-human protein C affinity resin. The anti-protein S monoclonal antibody, termed HPS2 and the anti-protein C monoclonal antibody, termed HPC4, were coupled to Affigel 10 (Bio-Rad Laboratories, Richmond, VA) according to the instructions ofthe manufacturer. The final antibody concentration on these gels was 5 mg/ml resin. Protein S was eluted from the HPS2 resin with 80% ethylene glycol in 1 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.5, and protein C was eluted from the HPC4 resin with 2 mM EDTA in 0.1 M NaCl, 20 mM Tris, pH 7.5. Protein C was activated according to D'Angelo et al. (22) . Human Gla-domainless protein C was prepared as described by Esmon et al. for the bovine molecule (23).
The QAE eluate after adsorption with the monoclonal antibody resins was adsorbed with BaSO4 and eluted as previously described (21 with a 20-ml linear gradient from 0 to 0.5 M NaCl in 20 mM Tris, 5 mM CaCl2, pH 7.5, at a 2-ml/min flow rate. The Factor VII activity, which eluted at --0. 15 M NaCI, was pooled and made 5 mM in EDTA. This material was reapplied to the Mono Q column and the column developed with a 20-ml linear gradient from 0.1 to 0.7 M NaCl and in 20 mM Tris, pH 7.5. Factor VII eluted at -0.38 M NaCl. This protein was homogeneous by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) performed according to Laemmli (24) and had a specific activity of 3,760 U/mg.
Factor X containing fractions of the DEAE-Sepharose column were pooled and dialyzed against 50 mM imidazole, 1 mM benzamidine, pH 6.0, and further purified by chromatography on heparin agarose as described by Miletich et al. (25) . The Factor X peak was dialyzed against 0.1 M NaCl, 20 mM Tris, I mM benzamidine, pH 7.5, loaded onto a 5 X 50 mm Mono Q column and developed with a 20-ml linear gradient from 0.1 to 0.7 M NaCl in 20 mM Tris, pH 7.5, at a flow rate of 2 ml/ min. Factor X activity eluted at -i0.45 M NaCl and was homogeneous by SDS-PAGE. This protein had a specific activity of 210 U/mg.
Endotoxin assays. All solutions that came into contact with cells prior to endotoxin stimulation were assayed at <0.05 ng/ml endotoxin using the LAL test performed according to the supplier in pyrogen-free 12 X 75 mm polystyrene tubes (Fisher Scientific Co., Pittsburgh, PA). Complete media was assayed using the serial dilution method described by Edwards et al. (26) . Under our conditions, the detection limit of this lysate was 0.05 ng/ml E. coli serotype 026:B6 LPS.
Cell cultures. Endothelial cells were harvested from umbilical cord veins less than 8 h after delivery as described by Jaffe et al. (27) and grown to confluence in M-199 supplemented with 20% FBS, 90 jig/ml porcine mucosal heparin, 100 jg/ml endothelial cell mitogen, 100 jg/ ml penicillin G and 100 ,ug/ml streptomycin, in tissue culture flasks (75 cm', Corning Glass Works, Corning, NY) at 37'C, 5% CO2. Cells were passed using 0.1% collagenase in phosphate-buffered saline (PBS) and grown to confluence in 16-mm diam tissue culture wells (Cluster 24, Costar Data Packaging, Cambridge, MA). All experiments were performed on cells after only one passage and at least 4 d after passage.
The endothelial cell monolayers demonstrated the typical cobblestone morphology of endothelial cells and stained positive for Factor VIII antigen by indirect immunofluorescent staining.
Tissuefactor assays. The surface expression of tissue factor was measured using a two-stage amidolytic assay. Tissue culture wells (16 mm diam) containing confluent human umbilical vein endothelial cell (HUVEC) were washed four times with M-199/0.5% human serum albumin (HSA) prewarmed to 37°C. After the last wash, 0.5 ml M-199 (serum free) was added to the test wells. In the first stage of the assay, 25 jl human barium citrate eluate was added to each washed monolayer and incubated for 10 min on a rotating platform (120 cycles/min) at room temperature. In the second stage, 0.4 ml ofconditioned media was combined with 0.2 ml 1 mM S-2222 in a cuvette. The AOD405/min was measured using a model 35 spectrophotometer (Beckman Instruments, Inc., Fullerton, CA). After assay, the cells were removed from each well with 0.25% trypsin and counted with a hemocytometer. In certain experiments purified human Factor X (final concentration 4 ,ug/ml) with or without purified human Factor VII (final concentration 0.5 jig/ml) were added in the first stage ofthe assay instead ofbarium citrate eluate.
The tissue factor activity was obtained from a standard curve (log [AOD405/min] vs. log [mU/ml]) constructed using serial dilutions of rabbit brain thromboplastin in M-199 assayed as described above. Undiluted thromboplastin was arbitrarily assigned a value of 1 U/ml. Standard curves, performed with each assay, were linear from 0.1 to 100 mU/ml and did not change significantly over 6 mo. The tissue factor activity was normalized to the cell counts from the same well and expressed as milliunits of tissue factor/ml-106 cells. Thrombomodulin assays. The surface expression ofthrombomodulin was also measured using a two-stage amidolytic assay. Tissue culture wells (16 mm diam) containing confluent HUVEC were washed as described above. In the first stage of the assay, human a-thrombin (final concentration, 0.1 NIH U/ml) and human protein C (final concentration,cells were incubated for 60 min at 370C, 5% CO2. Excess hirudin was then added (final concentration, 4 antithrombin U/ml) to block thrombin activity. Controls containing cr-thrombin and protein C in the absence of cells were treated similarly. In the second stage, 0.14 ml of conditioned media was combined with 60 sl of 1.5 mM S-2238 in microliter wells and OD405 measured with an automatic plate reader after 5 min at room temperature. In the presence of hirudin, S-2238 hydrolysis exclusively measures activated protein C activity. After assay, the cells were removed from each well with 0.25% trypsin and counted with a hemocytometer.
The thrombomodulin activity was obtained from a standard curve (OD405 vs. ,ug/ml activated protein C, APC) constructed using serial dilutions of purified human APC in M-199, assayed as described above. The thrombomodulin activity was normalized to the cell counts from the same wells and expressed as micrograms APC/ml-106 cells.
Endothelial cells were >95% viable by trypan blue exclusion after these assays.
[3H]DOG release assay. Endothelial cell membrane integrity was determined using a [3H]DOG release assay as previously described (28). Briefly, confluent HUVEC monolayers in 96-well tissue culture plates were labeled with 0.1 ml of 2.5 mCi/ml [3H]DOG for 18 h. Following the labeling period, the media was removed and the monolayers washed five times with 0.1 ml Hanks' buffered salt solution (HBSS)/0.5% HSA to remove excess radiolabel. The cells were then incubated in M-199/ 20% FBS with varying concentrations ofendotoxin (0-100 ,g/ml). After incubation from 1 to 4 h at 37°C, 5% C02, the supernatant was removed and the cells washed twice with HBSS/0.5% HSA. The cell monolayers were then dissolved with 2% Triton X-100. The supernatant, cell washes and solubilized cells were then counted in a liquid scintillation beta counter (Packard Instruments Co., Downers Grove, IL). The percent release was then calculated as (A/A + B) X 100, where A represents the counts per minute in the supernatant plus cell washes and B represents the counts per minute in the solubilized cell fraction. Specific release was determined by subtracting the percent release from control cells from the percent release from endotoxin-stimulated cells. Assays were performed on cells derived from three separate cell harvests after one passage. For each endotoxin concentration and each time point tested, four parallel wells ofHUVEC were assayed separately as described. Control assays incubated without endotoxin were performed on eight parallel wells.
Results
Stimulation oftissuefactor activity. When we examined the effect of endotoxin on surface expression of tissue factor (TF) on endothelial cells in culture, we observed a time-dependent stimulation of tissue factor activity (Fig. i) . Increased tissue factor activity was observed as early as 2 h and reached a maximum at 6 h after endotoxin stimulation. Tissue factor expression began returning to baseline by 8 h and was at 44.3% of maximal expression at 12 h. At 24 h, the surface expression of tissue factor returned to baseline control levels. Tissue factor expression in control wells did not change significantly over the 24-h incubation period. In a series ofexperiments on cells derived from 11 different umbilical cord veins, control monolayers expressed 1.52±0.84 mU TF/ml-106 cells (mean±SD) and monolayers stimulated with 1 tg/ml endotoxin expressed 11.89±8.12 mU TF/ml-106 cells (mean±SD) after 6 h incubation (P < 0.001, paired t test). That the ability of endotoxin-stimulated HUVEC to generate Factor Xa is due to the expression of tissue factor and not a Factor X activator was confirmed by assays using purified human Factor X in the presence and absence of purified human Factor VII (Table I) . Endotoxin-stimulated tissue factor expression occurred without discernable morphological changes assessed by phase contrast microscopy, and without detectable 2) and that the threshold endotoxin concentration approached the sensitivity of the LAL assay.
Endotoxin-stimulated tissue factor expression did not occur in the absence of serum (Fig. 3) . The effect of serum on tissue factor expression appeared to be dose dependent. This effect was not due to complement activation because the FBS used had no detectable hemolytic complement by standard CH50 assay.
The ability of endothelial cells to respond to restimulation by endotoxin was also studied (Fig. 4) . After initial endotoxin exposure, the time course of tissue factor expression and subsequent down regulation was identical to that described above. In addition, the tissue factor expression declined to baseline whether or not endotoxin was removed from the cultures at 6 h. Cells initially stimulated for 6 h (open squares) expressed levels of tissue factor activity comparable to that after the first exposure, and with a similar time course, when restimulated. Cells incubated with endotoxin for the preceding 24 h (open triangles) also expressed increased tissue factor activity when restimulated, albeit at lower levels.
Suppression ofthrombomodulin activity. We next examined the effect of endotoxin on the surface expression of thrombomodulin activity (Fig. 5) . Thrombomodulin expression was observed to decline between 6 and 12 h, continued to decline until 24 h, and remained depressed up to 48 h after addition of endotoxin. In a series of experiments on cells derived from 10 different umbilical cord veins, control monolayers generated 40.13±19.0 ,g APC/ml-106 cells (mean±SD) and monolayers stimulated with 1 tig/ml endotoxin generated 21.95±12.10 ,ug APC/ml-1I 6 cells (mean±SD) after 24 h incubation (P < 0.001, paired t test). Under the assay conditions, no detectable S-2238 amidolytic activity was generated on either control or endotoxinstimulated HUVEC monolayers when protein C was deleted from the first stage ofthe assay. Therefore, the armidolytic activity generated on the cells was due exclusively to APC. Dose-response experiments indicated that endotoxin-stimulated thrombomodulin suppression is also dose dependent. Concentrations of endotoxin required to initiate stimulation of tissue factor production and suppress thrombomodulin activity were comparable (Figs. 2 and 6 ).
To determine ifthrombomodulin suppression also required serum, HUVEC monolayers were incubated with 1 gg/ml en- The diminished thrombomodulin activity on endotoxintreated cells could be due to one of the following mechanisms. First, endothelial cells may express and/or secrete an APC inhibitor in response to endotoxin. We could exclude this possibility because no detectable APC inhibitor activity was observed when purified human APC (1.55 tig/ml) was added to cell-free media conditioned for 60 min on either control HUVEC or HUVEC incubated with 1 gg/ml endotoxin for the previous 24 h. We were also unable to detect cell-bound APC inhibitor activity when purified human APC (1.55 jg/ml) was incubated for 60 min on control or endotoxin-treated HUVEC, either in the presence or absence of human protein S (19.8 jsg/ml). Decreased thrombomodulin activity could also result from either a reduced affinity for thrombin or protein C. One potential mechanism for these changes could be the induction ofinhibitors of these interactions. To exclude these possibilities, we have characterized the kinetic properties ofthrombomodulin on control and endotoxin-treated HUVEC (Figs. 7 and 8 ). Neither the dissociation constant (KD) for thrombin nor the Michaelis constant (K.) for protein C were substantially altered by endotoxin treatment. We have also observed that the rate of activation of the Gla-domainless form of protein C decreases in parallel to that of native protein C (data not shown), providing additional evidence that substrate recognition is unaltered by endotoxin treatment. Therefore we can exclude the production of a competitive inhibitor of the binding interaction of thrombin or protein C with thrombomodulin and can infer that the thrombomodulin that remains on the cell surface after endotoxin treatment is kinetically unaltered. Protein C (PM) Figure 8 . (29, 30) . Our findings support these observations using a [3H]deoxyglucose release assay, which has been reported to be a more sensitive indicator of cellular injury than lactate dehydrogenase or 5"Cr release (27).
Neutrophils have been clearly implicated in the pathogenesis of endotoxin-induced lung injury (31) , which can be abolished by prior depletion of circulating neutrophils (32) . Neutrophils stimulated with a variety of agents, including lipopolysaccharide (29), zymosan-activated plasma (33), and phorbol myristate acetate (34) , have all been shown to damage endothelial cells in vitro by generation ofhydrogen peroxide and superoxide radicals. In addition, neutrophil-derived neutral proteases may also participate in endothelial cell injury (35, 36) . Recently, however, it has become apparent that endotoxin may directly modulate endothelial cell hemostatic properties at extremely low concentrations in the absence of other cell types.
Colucci et al. (19) showed that cultured human endothelial cells release a fast-acting plasminogen activator inhibitor in response to endotoxin at concentrations comparable to those used in this study. That this effect is relevant in vivo was supported by their observation that rabbits injected with a single dose of endotoxin showed a 10-fold rse in plasminogen activator (PA) inhibitor activity 3 h after injection. In addition, markedly increased levels of PA inhibitor were observed in patients with septicemia when compared with control patients.
Endotoxin has been shown by other investigators to promote de novo synthesis and expression of a procoagulant activity, identified as tissue factor on endothelial cells in vitro (15) (16) (17) (18) . Similarly, interleukin 1 has also been reported to stimulate tissue factor expression on human endothelial cells in vitro (37) and in vivo in rabbits (38) . Tissue factor expression in response to both endotoxin (15) , and interleukin 1 (37) was blocked by cycloheximide and/or actinomycin D, indicating that de novo synthesis of tissue factor was involved.
Our data demonstrate a dose-dependent stimulation of surface expression of tissue factor on HUVEC in response to endotoxin. The time course of tissue factor expression is identical to that observed in previous studies (15) (16) (17) (18) with maximal expression at 6 h and subsequent return to baseline by 24 h. We report that endotoxin-stimulated tissue factor expression is accompanied by a sustained dose-dependent suppression of thrombomodulin activity that occurs at the same threshold endotoxin concentration that promotes tissue factor expression. Other investigators have recently observed that thrombomodulin expression declines after exposure to other inflammatory mediators, including interleukin 1 (38) and tumor necrosis factor (TNF) (39).
The mechanism of the suppression of thrombomodulin activity is unclear. We have ruled out three possible mechanisms for the decreased thrombomodulin activity on endotoxin-treated cells, namely the generation of an APC inhibitor, the inhibition to the thrombin-thrombomodulin interaction, and inhibition of the interaction between protein C and the thrombin-thrombodulin complex. We speculate that the depressed thrombomodulin activity we observe after endotoxin exposure is due to the in ternalization and/or degradation of surface bound thrombomodulin. Preliminary experiments measuring thrombomodulin activity and thrombomodulin antigen by radioimmunoassay in extracts of bovine aortic endothelial cells stimulated with TNF indicate that thrombomodulin is internalized and degraded after exposure to TNF (unpublished observations).
Several observations suggest that tissue factor expression, enhanced PA inhibitor secretion and suppression of thrombomodulin activity comprise a unified response ofendothelial cells to inflammatory stimuli. First, the time courses of tissue factor expression in response to endotoxin, interleukin 1 (38) and TNF (39), are identical, as are the time courses of thrombomodulin suppression in response to these same agents. Second, tissue factor expression, thrombomodulin suppression, and PA inhibitor secretion (19) all occur in response to endotoxin in a dosedependent fashion and at essentially the same threshold endotoxin concentration. It is indeed possible that these changes in the properties of endothelial cells that result from exposure to endotoxin, interleukin 1, or TNF may occur as a result of the same primary intracellular events.
The physiological relevance of our in vitro observations is uncertain. The tissue factor levels that we and others (15) observe when endothelial cells are exposed to endotoxin is relatively low. Furthermore, the suppression of thrombomodulin activity is not complete, with most cell cultures decreasing to -50% of control levels. We believe that the extent of reduction in thrombomodulin concentration would result in a comparable reduction in the rate of protein C activation in response to in vivo thrombin formation. This might have an influence on the hemostatic balance approximately equivalent to a 50% reduction in protein C levels since physiological protein C concentrations are below the Km for the activation complex (40) . An increased thrombotic tendency has been associated with familial decreases in protein C to 50% of the normal level (41) . In addition, binding thrombin to thrombomodulin decreases its procoagulant activity (42) (43) (44) and may increase the rate ofreaction with antithrombin III (45) . In addition to reducing the rate of protein C activation, reduction in thrombomodulin concentration thus may increase both the thrombin procoagulant activity and clearance time in vivo. Even with these considerations, whether either of these effects alone or in combination are adequate to induce DIC or thrombosis in vivo is, of course, speculative. If one considers the much more favorable surface to volume ratio of a capillary bed relative to a tissue culture dish, however, we would speculate that these effects would comprise a thrombogenic effect in vivo. These effects may be significant in the pathogenesis of DIC in gram-negative sepsis.
